Solid ammonia is commonly used as a dynamically polarized proton target for electron and muon scattering cross-section asymmetry measurements. As spin 1 + particles, the 14 N nuclei in the target are also polarized and contribute a non-trivial asymmetry background that should be addressed. We describe here a method to extract the nitrogen contribution to the asymmetry, and report the cross-section asymmetries of electron-nitrogen scattering at beam energies of E = 1.7 GeV and E = 2.2 GeV, and momentum transfer of Q 2 = 0.023−0.080 GeV 2 .
Introduction
Scattering experiments of polarized lepton beams off polarized proton and other light targets has been used in the last few decades as a powerful tool for precision measurement of the nuclear electromagnetic and spin structures (see, for example, Refs. [1] [2] [3] [4] [5] [6] [7] ). Solid ammonia, 14 NH 3 , is used by several groups as a proton target, using the Dynamic Nuclear Polarization (DNP) technique to achieve a proton polarization over 90% [8] [9] [10] [11] .
Previous works has shown that the spin 1 + 14 N is also polarized in the process to approximately 10%, and hence contributes a nontrivial background to scattering experiments [12] [13] [14] [15] . Specifically, experiments that utilize the asymmetry of the scattering cross section as a probe of the nucleon structure must take into account the asymmetry contribution by the polarized nitrogen nuclei. However, direct experimental data of the background contribution to the measured asymmetry is not yet available.
JLab experiment E08-007, GEp, measured the proton elastic form factor ratio, µG E /G M at low momentum transfer, using elastic scattering of a polarized electron beam from a polarized 14 NH 3 target [16] . In this report we present an analysis approach used to disentangle the nitrogen contribution to the asymmetry from the proton asymmetry. In addition, we report for the first time experimental cross section asymmetries of 14 N elastic and quasi-elastic electron scattering.
Experimental Setup
The goal of the GEp experiment was to measure the proton elastic form factor ratio at a Q 2 range of 0.01-0.08 GeV 2 , using the double spin asymmetry (DSA) technique [17] . The experiment was performed in Hall A of the Continuous Electron Beam Accelerator Facility (CEBAF) at the Thomas Jefferson National Accelerator Facility [18, 19] . A schematic view of the experimental setup is shown in Fig. 1 . The CEBAF polarized beam at energies of 1.7 and 2.2 GeV, passed through fast and slow rasters and use two chicane magnets to compensate for the effect of the target magnetic field. The electrons, scattered off the polarized NH 3 target (Sec. 2.1), and bent by the septum magnet, were detected by one of two High Resolution Spectrometers, HRSs. The beam current of ∼10 nA used for this experiment was too low to allow beam position monitoring [16] . The target was polarized by a 5 T magnetic field, 5.6
• left of the beam axis.
The transverse component of the field causes downwards deflection of the beam.
To compensate for this effect, two chicane magnets were installed 5.92 m and 2.66 m upstream of the target The two dipole magnets were tuned to direct the deflected beam towards the center of the target.
The data was taken at forward angles of ∼ 4 • − 7
• . Due to technical limitations, the HRSs could not be placed at angles below 12.5
• . For this reason, the target was placed 88 cm upstream of the traditional Hall A center, and two septum magnets were installed in front of the spectrometer to direct the scattered electrons from the forward angles to the actual HRSs position.
The data was taken using the standard Hall A HRS spectrometers [19] , and the analysis reported here is based on the left HRS data. Beam polarization levels were measured before, between, and after production runs of GEp, using the Hall A Møller polarimeter [19, 21] (see Table 1 ).
Polarized NH 3 target
A highly polarized proton target was needed for the GEp experiment. For this, we used the UVa solid NH 3 target [9] [10] [11] with a 5 T magnetic field. The high polarization level is achieved by the Dynamic Nuclear Polarization (DNP) technique [24, 25] . For a detailed description of the target see [26] and references therein.
Dynamic Nuclear Polarization
Target polarization is defined as the difference between positive and negative aligned nuclear spins relative to the polarization axis, divided by the total number of nuclear spins:
A tradiational polarization techique is Thermal equilibrium (TE) polarization, where the target is cooled to low temperatures, and placed in a high magnetic field. In that case, the population of two magnetic sub levels is determined by the Boltzmann distribution:
where T is target temperature, k B is the Boltzmann constant, and N 1,2 are the number of nuclear spins in each sub level. For a spin-1/2 target, the polarization level obtained by TE is:
Here g and µ are the particle g-factor and magnetic moments, respectively.
Although for electrons TE polarization can reach above 90% polarization, the significantly lower value of the proton magnetic moment, µ p , makes TE much less effective for protons. For example, at a temperature of 0.5 K and a magnetic field of 5 T, the TE polarization of protons is about 0.01 [25] .
Therefore the DNP technque is used to significantly increase nuclear polarization levels by applying microwave radiation to the target. In the UVa target, the increase in polarization is described by the equal spin temperature theory (EST). The spin temperature model is needed since the electron density is high in a solid NH 3 target and spin-spin interaction (SSI) plays an important role in the description of the system. The EST theory is summarized by Crabb and Meyer [10] . In short, within the scope of the EST theory, each energy level contains a quasi-continuous band of spin-spin states. Those bands can be characterized by a different temperature than the environment by changing the occupations of the different sub-levels using microwave radiation. The microwave radiation generates thermal mixing between the SSI temperature and nuclear Zeeman temperature, to achieve a much lower nuclear spin temperature.
In practice, the target used for this experiment achieved polarization levels of between 70% and 90% under real experimental conditions.
Nitrogen Polarization
The experiment was designed to achieve high proton polarization. In a work by B. Adeva et al. [13] the nitrogen asymmetry in a similar ammonia target was measured relative to the proton asymmetry, and compared to a calculation based on the EST model. A substantial 14 N polarization level of about 10% was reported for the for highly polarized target, in agreement with the EST model.
Data Analysis

Target Polarization
An NMR system was used for continuous measurement of the proton polarization level in the target. The NMR system used in this experiment is the same as the one used in previous experiments with this target. The signal from the NMR coil was connected to a Q-meter circuit to measure the target polarization [27] . A detailed analysis of the target proton polarization is reported by D.
Keller [26] . The nitrogen polarization level was calculated with respect to the proton polarization based on the EST model as calculated by Adeva et al. [13] .
Optics
The standard HRS optics reconstruction procedure described in Ref. [28] is able to reconstruct the trajectories in cases where no target field is applied.
In our case, a 5 T magnetic field around the target adds more complexity to the procedure. Therefore, the optics calibration and analysis is broken into two parts. The trajectories between the target and septa entrance are calculated by simulations of the electron motion in the magnetic field. The magnetic field is characterized by applying the Biot-Savart law to the current density distribution, and a cross-check is done by direct measurement of the target field.
The uncertainty of the field map is less than 1.2% over the whole region [29] .
The reconstruction of the trajectories from the entrance of the septa to the focal plane is done using an optics matrix. The calculation of the optics matrix is done using a sieve slit, and uses the well known behavior of elastic scattering and survey data described in [30, 31] . A simulation of the magnetic field is required for the optics matrix optimization, since linear propagation of the trajectories from the target to the sieve slit cannot be assumed.
As part of the optics analysis, g2psim, a GEANT4 [32] Monte-Carlo simulation of the experimental setup, was developed [33] . The simulation contains the materials and the field map along the trajectory of the scattered electron, and was used for the calibration of the optics matrix. The trajectories are calculated by integration of the equation of motion in the magnetic fields using the Runge-Kutta-Nyström method. Energy losses due to ionization, electron scattering, internal and external Bremsstrahlung are included in the simulation, as described in [34] .
The presence of the target field results in bending of the beam upstream of the target as well. To compensate for this effect, two chicane magnets were installed to lower then lift the beam trajectory to achieve normal incidence of the electron beam on the center of the target. However, even after this correction, the beam showed deviations from the center and was slightly tilted relative to the beam axis. The tilt angle was calculated using BdL simulations. 
Where E is the scattered electron energy, E is the incoming beam energy, and θ is the scattering angle. An imperfect scattering angle reconstruction results in small deviation of the variables in Eq. 4 and is dealt with by applying an additional correction on the scattering angle. This correction is calculated as function of the reconstructed scattering angle by comparing to the expected scattering angle:
around the proton elastic stripe. In this way the elastic stripe can be used for fine tuning of the optics.
This uncertainty is estimated to be ∼1 MeV, based on the HRS resolution, electron energy loss approximation, and deviation of the invariant masses of hydrogen peaks from 0.9383 MeV. This translates into a ∼2 mrad systematic uncertainty in the scattering angle. The hydrogen elastic events can be identified as the peak at ∼938 MeV. mass is calculated, using the target proton momentum P µ = (M p , 0, 0, 0) and the momentum transfer q µ = k µ − k µ , as:
Asymmetry Extraction
The use of the invariant mass allows one-dimensional analysis which is equivalent to a two-dimensional analysis on momentum and scattering angle (Fig. 2) mixing between the regions is due to the width of the elastic and quasi-elastic peaks, and due to radiative energy losses of the low W scattering events.
In order to calculate the relative contribution of the different scattering components, we used g2psim to simulate the invariant mass distribution of each individual component. As an input to the simulation, elastic models for protons, 4 He, and 14 N were coded using experiment-based form factor parameterizations [35, 36] . Inelastic scattering data at the relevant kinematics are not available. g2psim uses two models, QFS [37] and PBosted [38] as an input for the inelastic scattering simulation. The two models produced significantly different yields at the quasi-elastic region in our kinematics. Unpublished nitrogen data at similar kinematics were compared to these models, and the PBosted model was seen to better reproduce the quasi-elastic peak [39] . This was also indicated by the quasi-elastic data collected in this experiment. For this analysis the PBosted model was selected. Gaussian smearing on the order of 1-2 MeV (1σ) and an energy shift on the order of 0.5-1 MeV was applied to the simulated data in order to account for inaccuracies in the simulated detection resolution and energy losses. The simulation was only used to produce the shape of the invariant mass distribution of the different scattering components. The relative amplitudes cannot be accurately derived from the cross section models, and the packing fraction (i.e., the mass ratio between helium and ammonia in the target) is only poorly known. Instead, the magnitude of each contribution is scaled to the data using a minimum χ 2 fit. Fig. 4 shows the simulation results for all experimental configurations after the correction and the fit.
The above fitting procedure is not very sensitive to the differences between 4 He and 14 N elastic contributions, and it is almost completely insensitive to the differences between the quasi-elastic contributions of these two elements.
Nevertheless, the differentiation between the three main regions in the spectrum, heavy element elastics, proton elastics and quasi-elastics, is robust. Hence, we only use the combined 4 He and 14 N contributions for the analysis. We do not consider these fits reliable in terms of the differences between 4 He and 14 N yields.
For an unpolarized background B, the experimental asymmetry (assuming 100% beam and target polarization) is:
Where A raw is the raw asymmetry, A phys is the physical asymmetry, N ± are the number of events with positive or negative helicities, and
is the total event count. We define the dilution factor f = 1 − B/T and adding the corrections for the beam and target polarization to obtain:
Where P B and P T are beam and target polarization, respectively. In our case the polarized 14 N contributes to the measured asymmetry, and Eq. 10 can not be used. B. Adeva et al. [13] and O. A. Rondon [14] used shell model approximations to determine the nitrogen asymmetry relative to the proton asymmetry.
Here we propose a different approach, based on the measured asymmetries in the different regions of the invariant mass distribution. The data is treated as if it consists of three reactions: proton elastics, heavy-element elastics, and quasi-elastics. To each of these reactions we attribute a physical asymmetry A 1 , A 2 , A 3 , respectively. Each of these reactions dominates a different region in the invariant mass histogram, with some level of mixture in all three regions (see Fig. 5 ). Using the data we extract raw asymmetries for each region, A raw,1 , A raw,2 , A raw,3 . The raw asymmetries are related to the physical asymmetries by:
where the coefficient C i,j is the partial contribution of reaction j to the yields in region i, and is calculated from the simulation. This set of linear equations can be solved to extract the physical asymmetries for the three reactions A 1 , A 2 , A 3 .
The main advantage of this approach is that it is based on data, and does not require knowledge of the nitrogen polarization level and asymmetry, packing given by:
The statistical uncertainties of the physical asymmetries, A 1 , A 2 , and A 3 were determined using a Monte-Carlo method. For each extraction of physical asymmetries, Eq. 11 was solved 10 6 times, with A raw,i randomly generated around the experimental values with the appropriate standard deviation. reactions were also calculated by Monte-Carlo using the definition:
where X i,n is the n th calculated asymmetry for reaction i, X i is the mean asymmetry for reaction i, and N is the total number of events in the MonteCarlo analysis. Table 2 shows the covariance matrices. Note the non-negligible off-diagonal elements.
The systematic uncertainties of the extraction were studied by changing the invariant mass cut width, and by changing the simulation energy and resolution calibrations in ranges that produce reasonable agreement with the data. The relative uncertainty on the nitrogen polarization is estimated to be 15%, based on the differences between the EST model and the experimental data in [13] .
Nitrogen elastic and quasi-elastic asymmetries are diluted by the presence of 4 He. The ratio between helium and nitrogen in the data could not be extracted from the simulation. Based on packing fraction evaluation from JLab experiment E08-027 that ran parallel to this experiment using the same target [20] , and general considerations, a conservative dilution factor of f14 N = 0.75 ± 0.25 is used in Eq. 10 to extract the physical nitrogen asymmetries.
Results
Extracted asymmetries for electron-14 N elastic scattering are listed in Table   3 and asymmetries for electron-14 N quasi-elastics scattering are listed in Table   4 . Fig. 6 compares both asymmetries. The extracted asymmetries for electron- 4 He dilution -44 Table 6 : A summary of asymmetry uncertainties for electron-14 N elastic, electron-14 N quasielastic, and electron-proton elastic scattering. 4 He dilution is only relevant for the nitrogenrelated asymmetries. The tables list ranges over the whole data-set, and specific total uncertainties are listed in Tables 3,4 ,5.
proton elastics scattering are listed in Table 5 . A summary of the uncertainties is given in Table 6 . The magnitude of the extracted asymmetries shows general agreement with the approximations made by B. Adeva et al. [13] and by O. A.
Rondon [14] in magnitude. However, the differences in sign between the elastic and quasi-elastic scattering requires further investigation.
Summary
The nitrogen in dynamically-polarized NH 3 targets contributes a nontrivial asymmetry background for high-precision measurements of lepton-proton scattering cross-section asymmetry. We experimentally extracted the nitrogen contribution for the asymmetry at Q 2 value of 0.023-0.08 GeV 2 . We also demonstrated a method for the extraction of these asymmetries that can be applied in similar experiments at different Q 2 values. The relative accuracy of our results is low, but sufficient to evaluate the absolute contribution of the nitrogen asymmetries for experiments with such targets. 
